ABSTRACT
T
he dynamic and reversible mechanism of protein acetylation is an important regulatory posttranslational modification (PTM), which controls numerous cellular processes in the three kingdoms of life (1) (2) (3) (4) . Recent studies have identified Ͼ4,500 acetylated proteins, ranging from transcription factors and ribosomal proteins to many metabolic enzymes that are related to glycolysis, gluconeogenesis, the tricarboxylic acid (TCA) cycle, and fatty acid, nitrogen, and carbon metabolism (3, (5) (6) (7) (8) . Following the discovery of acetylation of the Salmonella enterica acetyl coenzyme A (acetyl-CoA) synthetase in 2002 (9) , this type of PTM has also emerged as an important metabolic regulatory mechanism in bacteria. In the last decade, lysine acetylation of proteins has also been reported in other organisms (6, 7, (10) (11) (12) (13) (14) (15) (16) .
Protein lysine acetylation can occur via either enzymatic or nonenzymatic acetylation, such as chemical acetylation. Intracellular acetyl phosphate (AcP) plays a critical role in a chemical acetylation reaction; for example, AcP has been shown to chemically acetylate histones, serum albumin, and synthetic polylysine in vitro (17) . In addition, recent research has shown that AcP can chemically acetylate lysine residues, and acetate metabolism can globally affect the level of protein acetylation in Escherichia coli. In addition, mutant cells that did not synthesize AcP or convert AcP to acetate, leading to its accumulation, showed significantly reduced or elevated acetylation levels in vivo, respectively (5) . This finding suggests that the intracellular AcP concentration is correlated with protein acetylation levels (5, 7, 8) .
The proportion of enzymatic acetylation reactions in the cell is relatively small compared to that of chemical acetylation reactions (7) , and enzymatic acetylation in bacteria requires protein acetyltransferases and deacetylases. Protein acetyltransferases control the acetylation of specific proteins under various physiological conditions, whereas protein deacetylases play a role in removing the acetyl group from some acetylated proteins in response to changes in the cellular energy status via promptly sensing the intracellular NAD (NAD ϩ )-to-NADH ratio (5, 7, 18) . In addition to deacetylating the proteins acetylated by acetyltransferases, protein deacetylases also specifically deacetylate the lysines acetylated by AcP (18) .
Gcn5-type N-acetyltransferase (GNAT) acetyltransferases catalyze the transfer of the acetyl group from the acetyl-CoA donor to a primary amine of small molecules and proteins that are involved in a wide variety of cellular processes. GNATs, named for the homology to the yeast GCN5 protein (yGCN5p), are characterized by signature sequence motifs and structural homology (19) . GNATs are conserved in all domains of life and represent one of the largest protein superfamilies (20) . GNATs are involved in the acetylation of antibiotics, hormones, tRNA, histones, metabolic enzymes, and transcription factors and are thus implicated in a wide variety of cellular processes (4, (20) (21) (22) (23) .
Transcriptional and posttranslational regulation mechanisms of GNAT protein acetyltransferases have been demonstrated. For instance, regulation of the expression of the acuA gene, which encodes an acetyltransferase in Bacillus subtilis, is under the control of CcpA, a global regulatory protein that is affected by the quality of the carbon source available to the cell (24) . In E. coli, transcription of the acetyltransferase PatZ (also known as YfiQ or Pka) is controlled at the transcriptional level by intracellular cyclic AMP (cAMP) levels. The catabolite activator protein (CAP)-cAMP complex has been proposed to bind to two sites in the patZ promoter to induce the expression of genes that increase the overall acetylation of proteins (25, 26) .
The activity of protein acetyltransferases is also allosterically controlled by small biological molecules. Recently, we found that the amino acid-binding (ACT) domain is fused to the GNAT acetyltransferase in Micromonospora aurantiaca (MaKat), which confers amino acid-induced allosteric regulation (11) . Similarly, fusion of the cAMP domain to the GNAT domain can occur in response to various stress conditions (i.e., cAMP concentration) to modulate the activity of a GNAT protein acetyltransferase in mycobacteria (27) (28) (29) (30) . Here, we report a new acetyltransferase found in M. xanthus (MxKat), which is encoded by the gene Mxan_3215 and contains both GNAT-and NAD(P)-binding Rossmann-type fold domains, similar to the cAMP-GNAT and ACT-GNAT domain organizations reported previously (11) .
Similar to amino acids and cAMP, the coenzyme NADP ϩ is a small molecule that plays a very important role in many biological processes. For instance, NADP ϩ is a required cofactor in the reductive biosynthesis of fatty acids, isoprenoids, and aromatic amino acids (31) . Furthermore, the NAD(P) coenzyme may perform very important regulatory functions in various physiologic settings. For example, NADP ϩ can induce a surrounding signal, such as reactive oxygen species, to regulate function (32) . As the reverse reaction product of acetylation, NAD ϩ is required for many bacterial NAD ϩ -dependent deacetylases (33) (34) (35) . Thus, we hypothesized that NAD(P) ϩ coenzymes are specific regulatory ligands that may modulate the acetylation activity of MxKat in M. xanthus.
To test the hypothesis, we screened four coenzymes (NAD ϩ , NADH, NADP ϩ , and NADPH) using Western blot analysis to evaluate their influence on the acetylation activity of MxKat. Furthermore, isothermal titration calorimetry (ITC) was used to analyze the interaction between each coenzyme and MxKat. We found that NADP ϩ specifically bound to MxKat and was strongly bound under physiologic concentrations. Further, we found that MxKat is an NADP ϩ concentration-dependent acetyltransferase. Through a site-directed mutant assay, we characterized the active site of NADP ϩ binding and acetylation of the acetyl-CoA synthetase MxAcs, a substrate of MxKat. These data will help elucidate the mechanism by which NADP ϩ regulates MxKat to affect the acetylation of specific proteins.
MATERIALS AND METHODS
Cloning, overexpression, and purification of proteins. We amplified the Mxan_3215 and Mxan_2570 genes by PCR from the genomic DNA of M. xanthus DK 1622 using two primer pairs (5=-TAAGAATTCATGACGCC TCCTCTCGTCCTCC and TAAAAGCTTTCACAGGGTGAGGACCAT CAACTCC-3=, and 5=-TAAGAATTCTTGTCCACGCTGGAGGAACG and TAAAAGCTTTCAGTCGTCGTTCTGCCTCAGC-3=). After digestion with the restriction enzymes EcoRI and HindIII, we cloned the genes encoding the Mxan_3215 and Mxan_2570 proteins into the pET-28a vector to generate PET28a-Mxan_3215 and PET28a-Mxan_2570, and we sequenced the clones for verification. E. coli strain BL21(DE3) was used for protein expression. We selected and cultured a single colony in a 3-ml overnight culture, which was used to inoculate 50 ml of Luria-Bertani medium with 1% kanamycin. The cells were cultivated at 37°C and then induced with 0.7 mM isopropyl-␤-D-thiogalactoside at 20°C overnight. Next, we centrifuged the culture to obtain the cells, which were resuspended in phosphate-buffered saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.8 mM KH 2 PO 4 [pH 7.4]) and incubated on ice for 15 min. The cells were sonicated in PBS buffer, and cell debris was removed by centrifugation at 8,000 rpm for 20 min. A nickel-nitrilotriacetic acid (Ni-NTA)-agarose column was used to purify the supernatant, and the bound protein was preequilibrated with the binding buffer. After the flowthrough was discarded, the column was washed with 10 ml of washing buffer (300 mM NaCl, 50 mM NaH 2 PO 4 , and 20 mM imidazole [pH 8.0]) to eliminate the hybrid proteins, and the bound proteins were eluted with a linear gradient of 20 to 250 mM imidazole in washing buffer. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to analyze the fractions, and fractions containing the desired protein were pooled and dialyzed against buffer P (37 mM NaCl, 10 mM Na 2 HPO 4 , 2.7 mM KCl, 1.8 mM KH 2 PO 4 , 5% glycerol [pH 7.9]). The His tag of Mxan_3215 was removed by digestion with thrombin (at 4°C overnight). The protein was concentrated using an Amicon Ultra-4 30,000-molecular-weight-cutoff centrifugal device (Millipore, Billerica, MA, USA). The bicinchoninic acid (BCA) assay was used to monitor the protein concentration, using buffer P as the control. The amount of protein after concentration was also analyzed by SDS-PAGE.
Analysis of the protein-small-molecule interaction using ITC. ITC is a powerful approach in which the heat released or absorbed throughout a titration reaction is measured. Calorimetric measurements were performed at 25°C with an iTC200 system (MicroCal; GE Healthcare, USA). All solutions were thoroughly degassed before use by stirring them under vacuum conditions. MxKat protein and NADP ϩ were dissolved in 1 M PBS (pH 7.4) and then used for ITC to investigate the interaction between MxKat and NADP ϩ . Calorimetric data were analyzed using Origin for ITC version 7.0383.
Phylogenetic analysis of the NAD(P)-binding domain in M. xanthus. The boundaries of the NAD-binding domain in MxKat were identified by analysis in the Pfam database (http://pfam.xfam.org/). The sequence of the defined domain was used to identify orthologs in the Swiss-Prot database using BLASTp. Individual full-length sequences of the hits obtained were then analyzed using Pfam to identify their NADbinding domains. Furthermore, the protein sequence analysis of MxKat using the Conserved Domain Database (CDD) (36) demonstrated that the NAD-binding domain of MxKat belonged to cd05266 (http://www .ncbi.nlm.nih.gov/Structure/cdd/cddsrv.cgi?uidϭ187576). All sequences were then aligned using Clustal W (EMBL). The alignments were edited using JalView, and phylogenetic and molecular evolutionary analyses were conducted using Molecular Evolutionary Genetics Analysis (MEGA) software version 6 (37) .
Determination of the acetyltransferase activity of MxKat. To successfully monitor the acetylation reaction activated by MxKat, a coupling enzyme activity reaction was established. One of the products of the acetylation reaction, CoA, is used by pyruvate dehydrogenase to convert NAD ϩ to NADH, which causes an increase in the absorbance at 340 nm (38, 39) . The reaction mixture used to assay enzyme activity was opti-mized using 5 mM MgCl 2 , 2.4 mM pyruvate, 1 mM dithiothreitol (DTT), 0.2 mM thiamine PP i (TPP), 0.2 mM NAD, 50 M acetyl-CoA, 13 M acetyl-CoA synthetase (Acs), 0.03 U pyruvate dehydrogenase, 0.65 M MxKat with or without coenzyme, 100 mM sodium acetate, 50 mM bisTris, and 50 mM Tris (pH 7.5) in a total volume of 300 l. All components except for MxKat were mixed and incubated at 25°C for 10 min. The reaction was initiated by adding MxKat, and the reaction speed was determined by monitoring the production of NADH for 10 min. Each measurement was repeated three times.
In vitro protein acetylation assays. To determine whether Mxan_2570 is a substrate of MxKat, 0.2 M purified MxKat protein or bovine serum albumin (BSA) and 5 M purified unacetylated MxAcs protein were added to a reaction mixture (200 l total volume) containing 0.05 M HEPES buffer (pH 7.5), 200 M Tris (2-carboxyethyl) phosphine hydrochloride, and 20 M acetyl-CoA. The reaction mixtures were incubated at 37°C for 2 h (15). After the reaction, the MxAcs protein samples were divided into two portions: one was analyzed by SDS-PAGE and Western blotting, and the other was used for measurement of Acs activity. The acetylated MxAcs was isolated by SDS-PAGE and then analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS).
In vitro Acs assays. MxAcs was incubated with MxKat, acetyl-CoA (60 M), and NADP ϩ (2 M) at 37°C for 60 min. After the reaction, the acetylated MxAcs was isolated from the reaction mixture by gel filtration and ultrafiltration. The activity of acetylated MxAcs was measured in a coupled enzymatic assay in which CoA was used by malate dehydrogenase to convert NAD ϩ to NADH, resulting in an increase in absorbance at 340 nm. The standard reaction mixture contained 100 mM Tris-HCl (pH 7.7), 10 mM L-malate, 0.2 mM CoA, 8 mM ATP (pH 7.5), 1 mM NAD ϩ , 10 mM MgCl 2 , 3 units of malate dehydrogenase, 0.4 units of citrate synthase, 100 mM potassium acetate, and various amounts of MxAcs (acetylated and nonacetylated).
Western blotting assays. The sample concentrations were verified using a BCA protein assay kit (Tiangen). Protein samples were then separated by SDS-PAGE and transferred to a polyvinylidene fluoride membrane for 30 to 60 min at 100 V. The membrane was sealed at 24°C in sealing solution, which includes 1ϫ TBST (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, and 0.1% Tween 20) and 5% nonfat dry milk (NFDM), for 120 min. Antiacetyllysine (anti-AcK) antibody was used at a dilution of 1:15,000 in TBST-0.5% NFDM. After incubation at 4°C overnight, the blot was washed three times with TBST. The membrane was incubated with 1 g/ml horseradish peroxidase-conjugated anti-mouse IgG (in TBST with 3% BSA) at ambient temperature for 120 min. We used an enhanced chemiluminescence system (Pierce, USA) to detect the signal combined with a luminescent image analyzer (DNR Bio-Imaging Systems, Israel), according to the manufacturer's instructions.
Mass spectrometry for analysis of the acetylation site. Protein bands were extracted from the gel and repeatedly washed with 50% ethanol to remove the stain. The gel pieces were dehydrated in acetonitrile and then dried in a centrifugal evaporator (Thermo Fisher Scientific, MA). The gel piece was then treated with 10 mM DTT in 50 mM ammonium bicarbonate and alkylated with 50 mM iodoacetamide in 50 mM ammonium bicarbonate. The pieces were washed with wash solution, dehydrated again, and then rehydrated in 50 mM ammonium bicarbonate with 10 ng/l trypsin (Promega, Madison, WI); subsequently, digestion continued at 37°C for 12 h. Extraction buffer (75% acetonitrile and 0.1% trifluoroacetic acid) was added to the gel pieces to extract the peptides. The extracts were pooled and concentrated in a centrifugal evaporator.
The sample was dissolved using 4 l of solvent A (0.1% [vol/vol] formic acid and 2% acetonitrile in water), and the solution was injected into a manually packed reversed-phase column and eluted with a 60-min gradient at a flow rate of 300 nl/min. The high-performance liquid chromatography eluate was directly electrosprayed into an LTQ Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). The mass spectrometric analysis was carried out with an automatic switch between a full MS scan using Fourier transform mass spectroscopy in the Orbitrap device and an MS/MS scan using collision-induced dissociation in the dual linear ion trap. Full MS spectra with an m/z range of 350 to 1,700 were acquired with a resolution (full width at half maximum [FWHM]) of 240,000. The five most intense ions in each full MS spectrum were sequentially isolated for MS/MS fragmentation with a normalized collision energy of 35%. Automatic gain control was set at 3E4 for ion trap and at 1E6 for Orbitrap.
Thermo Proteome Discoverer (Thermo Fisher Scientific) was used to generate .mgf files that were subsequently checked against the Mxan_2570 sequence with the Mascot search engine (version 2.3.01; Matrix Science, United Kingdom). The search parameters were enzyme, trypsin; missed cleavage, 2; fixed modification, carbamidomethyl-C; variable modification, acetyl (protein N-term), oxidation-M, and acetylation-K; peptide mass tolerance, 10 ppm; fragment mass tolerance, 0.5 Da; and selected charge states, ϩ2, ϩ3, and ϩ 4.
Site-directed mutagenesis and purification of Mxan_2570 and Mxan_3215. The K622Q mutation was introduced into the recombinant plasmid PET28a-Mxan_2570 using the QuikChange mutagenesis kit (TransGen, Beijing, China). The G9A and G11A mutations in PET28a-Mxan_3215 were introduced in the same way. The mutations were confirmed by DNA sequencing. The expression and purification of the mutant proteins were performed according to the same procedures described above.
Circular dichroism spectrometry assay. Purified wild-type (WT) Mxan_3215 protein and the G11A mutant protein were evaluated using circular dichroism spectrometry (Applied Photophysics, Leatherhead, United Kingdom) in the far-UV region (190 to 260 nm) at room temperature using a 10-mm cuvette. All samples were desalted, and the buffer was exchanged with PBS buffer (pH 7.4) using a Zeba desalt spin column (Thermo Scientific, Pierce, Rockford, IL). The sample solutions were diluted to a concentration of 3 M. The circular dichroism spectrum scan of every sample was performed in triplicate.
RESULTS
MxKat showed an NAD(P)-GNAT domain organization and was confirmed to be a protein acetyltransferase. Previous research demonstrated that proteins containing a GNAT domain can catalyze the acetylation of Acs to modulate its activity (10) (11) (12) 40) . Furthermore, small molecules can bind to the multidomain acetyltransferase to regulate its activity in response to environmental signals. Here, we focused on the multidomain acetyltransferase Mxan_3215 (MxKat) derived from M. xanthus. Pfam version 27.0 (41) analysis showed that Mxan_3215 contains a GNAT domain and an NAD(P)-binding domain in the C and N termini at residues 273 to 437 and 5 to 185, respectively (Fig. 1A) . The amino acid sequence of the GNAT domain in MxKat was aligned with that of MaKat (Micau_1670 in Micromonospora aurantiaca) (11) , MsPat (MSMEG_5458 in Mycobacterium smegmatis) (27) , Mt-PatA (Rv0998 in Mycobacterium tuberculosis) (27) , 1Z4RA (human GCN5 acetyltransferase) (42), 1YGHB (yeast histone acetyltransferase) (43) , and 1M1DA (tetrahymena GCN5 acetyltransferase) (44) to analyze the possible motif. The results showed a strong similarity between MxKat and several other types of acetyltransferases; they share the common core motif of the GNAT domain, R/Q-X-X-G-X-G/A (Fig. 1B) . This motif was found to be important for acetyl-CoA recognition and binding (45) . Using SWISS-MODEL (46) analysis, a three-dimensional model of the GNAT domain of MxKat was generated (see Fig. S1 in the supplemental material); the conserved pivotal residues, R366 and G369, were predicted to be in the junction of the ␣-helix and ␤-sheet, while the G371 residue was predicted to be at the end of the ␣-helix. In addition, phylogenetic analysis was conducted using MEGA with the GNAT domain sequences of various acetyltransferases, and the results showed that MxKat clustered with EcPatZ from E. coli (25) , SePat from Sal-monella enterica (47) , RpPat from Rhodopseudomonas palustris (16) , MaKat (11), Mt-PatA, and MsPat (48) (see Fig. S2 in the supplemental material). All of these acetyltransferases have been shown to acetylate Acs in different bacteria, which suggests that MxKat is an acetyltransferase in M. xanthus that may also acetylate Acs.
To confirm whether MxKat, which contains a GNAT domain, actually functions as an acetyltransferase, we incubated purified MxKat with acetyl-CoA and recombinant MxAcs (Mxan_2570) in vitro. The Western blotting results demonstrated that MxKat has protein lysine acetyltransferase activity for acetylating Acs (Fig. 1C) .
To investigate the effect of this acetylation on enzyme activity, MxAcs was incubated with MxKat in the presence or absence of acetyl-CoA for 2 h. In the presence of both acetyl-CoA and MxKat, MxAcs activity was reduced, indicating that lysine acetylation effectively decreased MxAcs activity (Fig. 1D) .
Characterization of molecular binding with the regulatory NAD(P)-binding domain under physiological conditions. The NAD(P)-binding domain of MxKat belongs to the cd05266 subfamily of the NAD(P)-binding family. To determine the specific coenzyme molecule that modulates MxKat activity, we evaluated four coenzymes, NAD, NADH, NADP ϩ , and NADPH, using Western blot analysis. The acetylation was attenuated only when the component contained NADP ϩ , which demonstrated that only NADP ϩ affected the acetylation function of MxKat on MxAcs (Fig. 2A) . To further determine the binding affinity of NADP ϩ to MxKat, we performed ITC to measure the thermodynamic parameters of this binding reaction. The MxKat solution was loaded in the cell, and the NADP ϩ solution was titrated by injection into the cell. Figure 2B (upper panel) shows substantial heat released by the titration of NADP ϩ into MxKat; the power profile displayed an obvious heat peak, and a sigmoid-shaped curve of the enthalpy change during the titration process was observed (Fig. 2B, lower MxKat may function as an NADP ؉ -regulated protein acetyltransferase. In silico analysis combined with the Western blotting assay described above demonstrated that MxKat is a protein lysine acetyltransferase that can acetylate MxAcs. As shown in Fig. 3A , the acetylation of MxAcs was observed during incubation with MxKat and acetyl-CoA, and acetylation significantly decreased in the presence of NADP ϩ . The NADP ϩ -binding domain fused to the acetyltransferase domain in MxKat. The observed decrease in the acetylation level of MxAcs in the presence of NADP ϩ indicates that the NADP ϩ domain may regulate the activity of the GNAT domain and that MxKat can function as an NADP ϩ -regulated protein acetyltransferase. In support of this hypothesis, in the presence of NADP ϩ , MxKat activity exhibited a ligand concentration-dependent decrease in protein acetylation (Fig. 3B) .
To further test whether NADP ϩ can regulate the acetylation activity of MxKat, we investigated the MxKat enzyme activity in the presence or absence of NADP ϩ . The acetylation reaction of MxKat was monitored by a coupled enzymatic assay, in which the amount of CoA liberated following acetylation is measured according to the formation of reduced NADH from NAD ϩ by pyruvate dehydrogenase (38, 39) . In the presence of NADP ϩ , the enzyme activity of MxKat was significantly attenuated compared to that in the absence of NADP ϩ (Fig. 3C) , which indicates that NADP ϩ negatively modulated MxKat. Furthermore, we were also interested in the effect of NADP ϩ binding on the enzyme activity of MxAcs upon MxKat acetylation. Therefore, we used a coupled enzymatic assay to continuously monitor the catalytic reaction of the acetylated MxAcs. As shown in Fig. 3D , in the presence of NADP ϩ , low MxKat activity resulted in a low acetylation level of MxAcs, revealing a higher level of enzyme activity of MxAcs than that in the absence of NADP ϩ . Taken together, these results demonstrate that MxKat acetylated MxAcs and that the acetylation was mediated by NADP ϩ . A previous study demonstrated that bacterial acetyltransferases recognize a specific lysine site for protein acetylation, and an acetylation motif (PXXXXGK) was proposed in AMP-forming Acs (9) . In the present study, we confirmed that GNAT acetyltransferases can recognize this motif and acetylate its last lysine residue, such as Lys617 of MtAcs from M. tuberculosis, Lys610 of SlAcs from Streptomyces lividans, Lys606 of RpAcs from Rhodopseudomonas palustris, Lys609 of EcAcs from E. coli, and Lys609 of SeAcs from S. enterica (Fig. 4A) .
To determine the specific site(s) used for acetylation in MxAcs, in vitro-acetylated MxAcs was separated by electrophoresis, and the band corresponding to MxAcs was analyzed by MS. LC-MS confirmed that a peptide with sequence SGKIMR (419.2 Da) contained the major acetylated lysine residue (Lys622) (Fig. 4B) in the protein, which corresponds to the last lysine residue of the PXX XXGK motif.
To further validate the function of Lys622 in the acetylation of MxAcs, we established substitution mutations at the Lys622 position to generate the K622Q variant of MxAcs. Glutamine lacks a positive charge and therefore serves as a structural mimic for acetyllysine (12) . MxAcs K622Q and MxAcs WT were incubated with the MxKat enzyme and acetyl-CoA. Western blotting was conducted to detect the acetylation level of MxAcs WT and MxAcs K622Q with an anti-acetyllysine antibody. As shown in Fig. 4C , the acetylation of MxAcs WT only was observed. No acetylation of MxAcs K622Q was observed, which indicated that MxKat modified the conserved lysine residue, Lys622, of the major active site in MxAcs.
Identification of residues in the NADP ؉ -binding domain associated with NADP ؉ binding. The NAD(P)-binding domain is widely present in the short-chain dehydrogenase/reductase (SDR) family, whose members contain a single domain with a structurally conserved Rossmann fold, an NAD(P)(H)-binding region, and a structurally diverse C-terminal region. The Rossmann fold is a common structural motif found in proteins that bind to nucleotides, especially the cofactor NAD(P). The structure with two repeats is composed of six parallel ␤-strands linked to two pairs of ␣-helices in the topological order ␤-␣-␤-␣-␤. The Rossmann fold is one of the three most highly represented folds in the Protein Data Bank (PDB), and it often can be identified by the short consensus amino acid sequence motif GX 1-2 GXXG (50). The NADP ϩ -binding domain of MxKat was analyzed using the CDD (36) (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). As shown in Fig. 5A , MxKat has only one motif similar to the GX 1-2 GXXG motif and two Gly residues distributed at the 9 and 11 positions. In the three-dimensional protein model, we found that the G9 residue is likely located at the end of the ␤-sheet, whereas the G11 residue may be located between the ␣-helix and ␤-sheet (see Fig. S3 in the supplemental material). To determine the roles of these residues in NADP ϩ binding, site-directed mutagenesis was performed to convert the Gly to Ala at residues 9 and 11. The acetylation activities of the wild-type and mutant proteins in the presence of NADP ϩ were also determined using a coupled acetyltransferase enzyme assay and Western blot analysis.
When Gly9 was mutated to Ala, the enzyme activity of MxKat G9A was still negatively regulated by NADP ϩ , as observed for wild-type MxKat (Fig. 5B) . However, when Gly11 was mutated to Ala, no change in the activity of acetyltransferase was observed in the presence or absence of NADP ϩ , which indicated that MxKat G11A was no longer modulated by NADP ϩ (Fig. 5C ). The CD spectra (Fig. 5D ) of MxKat and the G11A mutant were nearly identical in the far-UV region (200 to 260 nm), in which the signals arose from the MxKat chain structure. These data showed that the G11A mutation likely did not perturb the structure of the NAD 
DISCUSSION
Many deacetylases require coenzyme NAD ϩ to effectively remove the acetyl group from an acetylated protein. Our study further uncovered a new biochemical mechanism whereby the coenzyme NADP ϩ negatively regulates an acetyltransferase to reduce the acetylation level of specific intracellular proteins. These findings help deepen our understanding of the biochemical mechanism of how acetylation controls the activity/function of a metabolic enzyme by inducing a change in the NADP ϩ coenzyme. NADP ϩ synthesis proceeds through two major mechanisms: NADP ϩ can be generated de novo from NAD ϩ through the action of NAD ϩ kinases (NADKs), or NADP ϩ might be formed from NADPH via the action of multiple NADPH-dependent enzymes, such as glutathione reductase (51) . Although NADP ϩ is known to play several important regulatory roles, its regulatory mechanism with respect to acetylation has received little attention thus far. The major known biological function of NADP ϩ is as a precursor for NADPH formation (52) . Furthermore, the mechanism and subcellular localization of NADP ϩ and NADPH generation appear to critically influence the physiological state of a cell and, therefore, cell survival. Furthermore, NADKs have been shown to regulate the formation of NADP ϩ from NAD ϩ , which can be inhibited by NADPH (53) . In this study, we found that NADPH did not affect the ability of MxKat to acetylate MxAcs ( Fig. 2A) , and the NADP ϩ modulation of MxKat was concentration dependent (Fig. 3B) . Therefore, the homeostasis of NADP ϩ plays a crucial role in regulating MxKat, similar to the balance of NAD ϩ and NADH in mediating deacetylases. Another study showed that the activities of protein acetyltransferases and deacetylases are carefully regulated in response to a change in the intracellular signals that control the acetylation of specific proteins (such as the level of acetyl-CoA or NAD ϩ ), which in turn affects the metabolic network (11) . Acetyl-CoA and NAD ϩ are key indicators of cellular energy status, and protein lysine acetylation serves as a link that connects cellular energy levels to protein acetylation/deacetylation activity. In mycobacteria, cAMP directly activates MsKat and MtKat by binding to the cyclic nucleotide-binding (CNB) domain of two protein acetyltransferases, indicating that the levels of protein acetylation can also be modulated in response to changes in intracellular cAMP levels (54) . This work demonstrated that the NADP ϩ domain is linked to GNAT acetyltransferase, which confirms NADP ϩ -induced regulation of this enzyme. Therefore, protein acetyltransferases with an NADP ϩ -GNAT domain organization might be a novel mechanism in response to the homeostasis of intracellular coenzymes.
The coenzyme NADP ϩ can be transformed to NADPH to maintain the intracellular redox potential by glucose-6-phosphate dehydrogenase (G6PD), 6-glyconate phosphate dehydrogenase (6GPD), NADP ϩ -dependent isocitrate dehydrogenases (IDPs), and NADP ϩ -dependent malic enzymes (MEPs), which are involved in glycolysis, gluconeogenesis, glycogen metabolism, and the TCA cycle. Moreover, these sugar metabolism-related enzymes have been shown to be regulated by lysine acetylation, which results in a reduction in enzyme activity (5-7). Low acetylation levels of the associated enzymes result in a high intracellular NADP ϩ -to-NADPH ratio. Since NADP ϩ was found to modulate the protein acetyltransferase MxKat, it is possible that a high NADP ϩ -to-NADPH ratio would influence the NADP ϩ -mediated acetylation of some proteins, including enzymes involved in the conversion between NADP ϩ and NADPH. Future work will focus on the identification of all substrates of the MxKat enzyme and aim to reveal the complete landscape of NADP ϩ -mediated acetylation.
To our knowledge, this study is the first to demonstrate the allosteric regulation of a protein acetyltransferase by NADP ϩ , which indicates that the intracellular acetylation levels of proteins might be modulated in response to changes in the NADP ϩ -to-NADPH ratio. This finding might provide the basis for uncovering the molecular mechanism underlying the homeostasis of protein acetylation/deacetylation in response to changes in intracellular signals.
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